Purpose: To evaluate the radiopacity produced by seven commercially available (AH Plus, Epiphany, Sealapex, Acroseal, Sealer 26, Endomethasone and Endofill) and one experimental (MBP) root canal sealers.
Introduction
Sealing root canals hermetically is vital to maintain the disinfection achieved during chemomechanical preparation (1). Adequate obturation is only accomplished through the use of root canal sealers that are able to fill the spaces between gutta-percha cones, which the bulk of fillings fail to reach (2). For this reason, the type of root canal sealer may influence the radiographic images of root canal fillings (3). Radiopacity is a desirable quality for root canal filling materials because this property allows estimation of the length, width and deficiencies of the filling during radiographic analysis (3) (4) (5) (6) . The use of a material with a greater radiopaque quality might give the impression of a compact root canal obturation despite the presence of gross imperfections in the filling (4) . Conversely, a less radiopaque material might be judged absent in areas where it is present in small amounts. Many canal sealers are commercially available, and it is difficult to choose which one to use when their basic qualities are not known. In order to help the clinician in this process, this study compared the radiopacity of eight root canal sealers through the ANSI/ADA Specification No. 57 (6), which establishes the minimum levels for the clinical use of sealers.
Methodology
Eight root canal sealers were evaluated: AH Plus, Acroseal, Epiphany, Endomethasone, Sealer 26, Endofill, Sealapex and MBP. The commercial materials were mixed according to the manufacturers' instructions, with the exception that MBP components (epoxy resins, resin hardener, polyurethane polyol, calcium hydroxide, bismuth subnitrate and barium sulfate) were homogenized for 15 s. The sealers were gently poured into metal rings (8 mm in diameter; 2 mm thick) and fixed on a flat glass covered with cellophane, taking care to prevent the formation of air bubbles in the mixtures. Another covered plate was then pressed onto the rings to standardize the specimen thickness. The filled rings/plate sets were transferred to an oven and kept at 37 ºC for 72 hours to allow complete setting of the materials. The plates were then removed, and the specimen thickness was examined with a digital slide caliper (727 Starrett ® , Itu, SP, Brazil). If required, the specimens were ground wet with 600-grit carbide paper (T277 Norton ® , Guarulhos, SP, Brazil) to reach an exact thickness of 2 mm. Specimens were arranged over occlusal radiographic films (Insight E, Eastman-Kodak Co., New York, EUA) and exposed near an aluminum stepwedge with variable thickness (from 1 to 10 mm in 1-mm increments). An X-ray unit (Kaycor X-707 Yoshida, Tokyo, Japan) operating at 70 kVp, 7 mA and 0.35 s was employed. The exposure was taken at a focus-film distance of 35 cm. The pellicles were developed by the temperature-time method, and the radiographs obtained were digitized in a scanner (Colour Vivid 3 Slim, Genius, Taiwan) set at a resolution of 1200 dpi. The resulting TIFF files were transferred to public-domain software (Image J 1.41v, Waine Rasband, National Institute of Health, USA), and the mean gray values (in pixels) of the area inside the rings and that corresponding to the increasing thickness of the aluminum stepwedge were measured with the histogram tool (Fig. 1) .
The pixel values and aluminum thicknesses were analyzed by a one-way analysis of variance (ANOVA) with Tukey's test for multiple comparisons, at the 5% significance level. Figure 2 illustrates the mean pixel values, standard deviations and significant differences among the groups. AH Plus (179.3±10.2) and Epiphany (163.0±8.9) presented similar radiopacity values (10 and 9 mm Al, respectively) which were significantly higher than those for the other sealers. The radiopacity of Sealapex (156.3±4; 8 mm Al) was the same as that of Endofill (152.1±5.8; 7 mm Al). Both materials were significantly more radiopaque than Sealer 26 (130.5±5.2; 6 mm Al), which showed a mean pixel value that was statistically equivalent to those of Endomethasone (140±9.7; 7 mm Al) and MBP (139.3±9.4; 7 mm Al; P<0.05). Acroseal (117.4±4.1; 5 mm Al) had the lowest radiopacity among the tested sealers (P<0.05).
Results

Discussion
The quantification of mean pixel values obtained from digital radiographs supports the direct comparison by statistical tests. However, the radiopacity of root canal filling materials is routinely expressed in millimeters of aluminum, as recommended by ANSI/ADA Specification No. 57 (6) and ISO 6876 (7). In this investigation, the conversion of mean pixel values to corresponding millimeters of aluminum was executed by a previously described method (8-10). The test does not generate decimal values of aluminum stepwedge thicknesses; therefore, corresponding intermediary levels were calculated using mathematical formulas or correlation graphics (11-16). The lower radiopacity of Epiphany compared to AH Plus has been reported previously (12, 17) . This result is likely due to differences in the radiopacity potential of specific components, similar as the effects observed when bismuth oxide (present in Epiphany) and zirconium oxide (present in AH Plus) are added individually to pure Portland cement (16). When evaluating zinc-oxide eugenol sealers, the powder/ liquid ratio chosen directly influenced the in vitro radiopacity (18). Because manufacturers do not explicitly state the correct powder/liquid ratio, the larger amounts of Endomethasone and Endofill powder added to liquids may explain the radiopacity differences in this research compared to others (9, 10, 13, 19) . These discrepancies in the powder/ liquid ratio may also explain the differences detected for the radiopacity contrast of Sealer 26 compared to the literature (11, 13, 20, 21) , but further investigation is required to confirm this hypothesis. Recently, the formula of Sealapex was modified, and barium sulfate was replaced by bismuth trioxide (a more efficient radiopaque agent) (15). This alteration likely caused an increase in the radiopacity of this sealer, which could justify its radiographic superiority compared to the zinc oxide sealers and Sealer 26. This result was not observed in former investigations (8, 11, 13, 19) . MBP is currently under testing, and this product was found to be more radiopaque in the present study than in previous works (10, 20) . Due to its paste/paste presentation, the ratio of radiopaque agents may justify this distinction. Another explanation for this result lies in methodological differences in the radiopacity testing assays. In the study by Duarte et al. (16) , the radiopacifying agent of AH Plus (zirconium oxide) was added alone to Portland cement. The resulting radiopacity was comparable to that obtained by the addition of bismuth carbonate, the radiopaque element present in Acroseal. Because a marked difference between AH Plus and Acroseal radiopacities was detected in this study and in that by Tanomaru et al. (15) , we speculate that extra low-radiopacity substances (e.g., calcium tungstate and iron oxide) may be present in the formula of AH Plus. If this hypothesis were confirmed, it would also justify the differences observed between this sealer and Endofill (12, 13, 21, 22) , Sealapex (8, 11, 13) and Sealer 26 (13, 21) . According to the American National Standards Institute/ International Standard Organization (7) and American Dental Association (ANSI/ADA) Specification No. 57 (6), endodontic filling materials should present a difference equivalent to at least 2 mm of aluminum when compared to bone or dentin in order to be distinguished by radiography. In this investigation, all sealers presented radiopacity levels above the minimum (3 mm of aluminum) recommended level. Thus, all are theoretically approved for clinical use. However, it should be noted that sealer thicknesses established clinically between radiopaque gutta-percha cones during root canal filling procedures might differ from those established by the current protocols. For this reason, the applicability of these results to an actual clinical situation remains uncertain until more realistic radiopacity tests are conducted.
Conclusions
All of the root canal sealers tested presented different radiopacities. All radiopacities were above the minimum 3 mm of Al recommended by ANSI/ADA Specification No. 57 for clinical use.
